The concept of mammalian pheromones was established decades before the discovery of any bioactive ligands. Therefore, their molecular identity, native sources, and the meaning of their detection has been largely speculative. There has been recent success in identifying a variety of candidate mouse pheromones and other specialized odors. These discoveries reveal that mammalian pheromones come in a variety of ligand types and they are detected by sensory neurons that are pre-set to promote an array of social and survival behaviors. Importantly, recent findings show that they activate molecularly diverse sensory neurons that differ from canonical odorant detectors. These novel sensory neurons hold future promise to unlock the mystery of how their detection is hardwired to generate behavior.
Introduction
A simple sniff in a crowded environment causes an instant attraction towards the lucky emitter while others are hopelessly ignored. Such is the power of pheromones according to popular culture. The concept was established in the middle of the past century when studies with invertebrates such as ants, moths, and bees revealed the existence of powerful olfactory cues that are pre-programmed to direct and regulate cohesive social behavior [1] [2] [3] . These signals, named pheromones, are molecules that are produced by one individual and act as 'ectohormones' to hijack behavior when detected by another member of the same species [1] . In the intervening fifty years only a handful of mammalian pheromones have been discovered. This may be because they are extremely rare, act in complex blends, or initiate behaviors that are not observed in simplified laboratory environments. Their identification is further complicated because normal odors can appear to act as pheromones when coupled with experience, by similarly evoking a range of social behaviors with emotional valence such as fear and attraction [4] . Several new ligands have now been isolated that have specialized properties not evoked by normal odors.
Pheromones are specialized odors
Olfactory signals can be segregated into two classes: associative and specialized ( Figure 1 ). In associative olfaction, one experiences an odor and interacts with the environment to determine its meaning such as whether it is pleasant or aversive. This association is not fixed; its significance can change with new experience and therefore varies between individuals. By contrast, specialized odors are thought to activate subsets of neurons that have a high probability of generating pre-set behavior. Therefore, their detection can elicit the same behavior in a subset of individuals irrespective of individual experience [3] . Specialized odors are proposed to include pheromones [1, 3] . On the basis of these assumptions one could assume that there are at least two different types of olfactory sensory detectors; one set to generate flexible associative sensations and another hardwired to respond to ligands with pre-set function such as pheromones. To activate a response that is different from associative olfaction, the pheromone detection system may be composed of sensory detectors that have different physiological properties (perhaps in adaptation or temporal response) and/or they may project axons to special preset targets in the brain.
The nasal cavity of almost all terrestrial vertebrates contains two anatomically separate chemosensory organs: the vomeronasal organ (VNO) and the main olfactory epithelium (MOE) [5] . Not only are they physically independent, but their sensory neurons largely express completely different repertoires of olfactory receptors and signal transduction components, they respond to different classes of ligands, their adaptation physiology differs, and they each project axons to different regions of the brain. On the basis of these differences it has been proposed that the MOE and the VNO may have two distinct functions [1] . One theory has been that the MOE generates traditional associative olfaction while the VNO serves to detect specialized ligands such as pheromones. While most candidate mouse pheromones have been found to be detected by VNO sensory neurons, it is now clear that the MOE functions to sense both specialized and associative odorants (Table 1) .
Mammals have two distinct olfactory sensory organs
Recent deep sequencing analysis has revealed dramatic molecular differences between sensory neurons located in the VNO and MOE [6, 7] . The VNO of mice express 585 G-protein-coupled receptors (GPCRs) to detect sensory ligands which are largely absent from the MOE [6] . While the MOE sensory neurons each express a single sensory GPCR tuned to detect and respond to a set of chemical moieties [8, 9] , some VNO neurons express as many as three different receptors; two VNO-specific GPCRs and a non-classical major histocompatibility receptor of the H2-Mv family [10] [11] [12] . The functional significance of expressing of two VNO receptors remains unknown, however chromosome engineering to delete the entire family of H2-Mvs found that these membrane proteins are necessary for the VNO to be ultrasensitive to exceedingly low amounts of ligands in the environment [11] . The MOE can be similarly sensitive to very low concentration of ligands, therefore, whether the expression of H2-Mvs constitutes a functional difference between the VNO and MOE remains unknown.
VNO-specific ligands and GPCRs have been found to promote social behaviors expected of pheromones such as mating, male aggression, attraction and male territory urine-marking [13,14 ,15-18,19 ,20 ]. Genetically ablating VNO signal transduction elements that are commonly expressed by many different VNO sensory neuron populations alters male and female parental behavior and male aggression [21] [22] [23] [24] . The source of odor in these studies is from other members of the same species, which is a characteristic of pheromones. However, the tested animals do not respond with detectable behavior until they are sexually mature. Since juvenile mice require adult mouse care throughout development, animals in these studies are continuously exposed to a complete repertoire of adult pheromones. This prior experience with their own, parental, or cage-mates' emitted ligands, before first experimental testing, raises the formal possibility that the observed response is actually an associative one learned throughout development.
The VNO detects specialized odors
To determine if chemosensory ligands and their receptor neurons are truly specialized (pre-programmed with meaning) one needs to test the innate response of animals Upon either positive or negative experience (trial 2) further interaction with the odor will elicit a largely predictable behavior (trial 3). Right: Specialized odors activate neural pathways that are pre-set with meaning. Upon first detection of either odors detected in a complex environment or even purified ligands will elicit behavior (trial 1). The associated behavior is largely fixed, repeated exposure does not alter its pre-set meaning (trials 2-3).
upon their very first encounter with the ligand. The identification and purification of bioactive ligands that direct aggression, mating, and fear have recently made such experiments possible. Male-male territorial aggression is mediated by a protein excreted in male urine; MUP20 (darcin) [14 ,16] which is exclusively detected by VNO neurons [13, 14 ] . Urine from BALB/c mice, a lab strain that fails to express MUP20, does not evoke aggression in other BALB/c males or males from the C57BL/6J strain which robustly expresses MUP20. BALB/c males therefore have no experience with MUP20 throughout their development yet they initiate the complete repertoire of aggressive behavior upon first exposure to MUP20 [14 ] . This indicates that MUP20 is a specialized olfactory ligand; able to activate sensory detectors hardwired to circuits that trigger aggressive behavior.
Specialized ligands are also pre-set to direct appropriate mating. Males secrete the small peptide ESP1 in their tears which is detected by a receptor in the VNO [18, 25] . Receptive females investigate the face of males and upon detection of ESP1 initiate lordosis (a female mating posture) [18] . Analysis of females from a strain that does not produce ESP1 (C57BL/6J) showed an increase in lordosis with males from an ESP1-producing strain (BALB/c) compared to C57BL/6J males [17] , confirming that experience with the ligand is not necessary for its specialized function. Further, juveniles have been found to secrete another small peptide (ESP22) whose detection inhibits mating advances from adult males [19 ] . Analysis of males from a strain that lacks ESP22 expression (C3H) finds that first exposure of adult males to this ligand appropriately inhibits sexual behavior [19 ] .
Even specialized ligands emitted from other species activate sensory receptors that are evolved to promote pre-programmed significance upon detection by mice (kairomones) [3] . Some inbred strains of lab mice (such as C57BL/6J) have been housed for hundreds of generations 30, 31] . Interestingly, a sulfated estrogen emitted by ovulating females has now been found to promote male courtship behavior, but only when detected in combination with a second, currently uncharacterized, female urine ligand (which also does not initiate behavior on its own) [20 ] . Each of these ligands may combine to form a multicomponent pheromone, or they may be transmitting different kinds of information about the emitter. Many social behaviors require the receiver to simultaneously confirm several independent characteristics of the emitter (such as their species, gender, dominance, age, health) some of which are stable across an animal's lifetime and others which rapidly change with environment and experience. Sulfated steroids may provide a mechanism to transmit dynamic information about the emitter's internal state, which then may work in concert with other, more general, ligands that transmit stable information in order to appropriately guide the receiver's response.
The MOE also detects specialized ligands
It has been clear from complementary experiments ablating either MOE or VNO function in mice that in addition to associative olfaction, the MOE also senses specialized odors [32] [33] [34] [35] [36] [37] [38] . However, with >1200 different types of sensory GPCRs expressed in the MOE, discovering the minor subset that is specialized has proven remarkably difficult [6] . The first candidates have now been identified through the assumption that the transcriptome of specialized sensory neurons may differ from those that perform associative olfaction (Figure 2) . A subset of MOE neurons has been found to lack the expression of canonical odorant receptors (ORs) and instead express one of the nine Trace Amine Associated Receptors (TAARs) [39, 40] . These olfactory-specific receptors detect ultra-low concentrations of volatile amines as well as unknown ligands in predator urine [40] [41] [42] . Upon first exposure to this class of ligands individuals largely respond with innate aversion [41, 43 ] , with the exception of trimethylamine which promotes innate attraction [42] . In addition to TAARexpressing neurons, canonical OR-expressing neurons may also function as detectors of amines in the MOE. ORs do not recognize entire ligands instead they detect molecular features (parts of the molecule) [9] . This means that many ORs recognize each ligand and each ligand is detected by several ORs; termed 'combinatorial coding' [9] . Following this principle, there likely exists ORs capable of detecting molecular features of TAAR activating ligands and the coincidental activity of ORs and TAARs may be expected to cooperatively generate the aversive behavior. Remarkably, genetic deletion of a single TAAR, TAAR4, entirely eliminates the aversive behavior evoked by a subset of amines and even converts the response towards predator odor from innately aversive to attractive [43 ] . This indicates that the TAAR4 expressing neurons are powerfully specialized and confirms that individual MOE neuron types can be preset with meaning to instruct an individual's behavior.
In addition to identification of the TAARs, molecular profiling has discovered several other non-canonical MOE neuron types (Figure 2 ). One type expresses the primary sensory transduction channel found in VNO neurons; TRPC2 [34, 44, 45 ]. TRPC2 neurons located in the MOE appear to be hybrids of canonical VNO and MOE neurons. Some TRPC2 neurons express the MOE-specific ORs and G-protein (Golf), yet in others the sensory receptors have not been found but they have been shown to express VNO-type G-proteins (Gao) [45 ] . It remains unknown whether these unusual MOE neurons generate a specialized function. While most previous studies ensured the reported phenotypes were due to TRPC2 function in the VNO [ [34] (explicited tested in [13] ) [46] ], others attributed specialized function to the VNO based solely on analysis of TRPC2 mutants [33] which instead may have been due, partially or completely, to the loss of this new class of MOE sensory detection.
A third subset of MOE neurons, defined by the expression of another channel TRPM5, is also implicated to generate specialized function [47, 48, 49 ]. TRPM5 has been shown to be necessary for detection of 2-heptanone and 2-DMP at ultra-sensitive concentrations [47, 50] . These ligands are secreted in the urine of adult males and have been reported to promote social behavior which is consistent with pheromone activity. However, 2-heptanone and 2-DMP also robustly activate VNO neurons [51] therefore whether TRPM5 expressing neurons located in the MOE contribute to innate behavioral responses to these odors remains to be determined.
Conclusions: why utilize two olfactory systems to detect specialized ligands?
The recent success in identification of potential mammalian pheromone ligands as well as their sensory neurons and receptors has now confirmed that mice indeed produce and detect specialized chemosensory ligands that generate pre-programmed social and survival behavior. The biochemical properties of these ligands are diverse (from proteins, to peptides, to small organic volatiles) as is the molecular identities of their cognate sensory neurons. The discovery of these specialized sensory neurons provides the means to begin to determine how they differ from associative olfactory receptors to promote pre-programmed behavior.
The task of generating specialized olfactory responses now appears to be equally divided between the VNO and the MOE. If pre-programmed olfactory information can be processed by the MOE, then what is the purpose of an anatomically separated VNO? Genomic analysis indicates that the VNO-specific GPCRs have undergone rapid and substantial changes between species [52] [53] [54] . This has created a 'semi-private' repertoire of species-specific VNO receptors [54] which may be dedicated to pre-programmed tasks tailored to the need of each species: such as aversion towards relevant predators or mouse-specific behaviors such as lordosis, nest building, or scent marking. By contrast, many olfactory receptors have orthologs across evolution [55, 56] and most of the specialized behaviors attributed to MOE sensation such as aversion to amines or attraction to the opposite sex are similarly performed by many mammal species using stereotyped motor outputs. Further comparative analysis of specialized olfactory ligands, sensory detectors, and the behavioral consequences of their sensation will be required to solve the puzzle of the logic of specialized olfactory coding. 
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